High-grade serous carcinoma (HGSC) is the most common histological subtype of ovarian cancer, accounting for 70% of such cases (Kurman, 2013) . The majority of patients with ovarian HGSC are post menopausal and are usually diagnosed at a late stage, at a substantial period of time after metastasis (Gross et al, 2010) . The pathological features of ovarian HGSCs are pleomorphic and marked nuclear atypia with a high mitotic index (Malpica et al, 2004) . At the molecular level, ovarian HGSCs typically show a high frequency of TP53 and PIK3CA gene mutations (Ab Mutalib et al, 2014) . In a recent report, a BCAM and AKT2 fusion gene (which activates AKT2 kinase) was observed in 7% of ovarian HGSC cases (Kannan et al, 2015) . Serous tubal intraepithelial carcinoma (STIC) has been posited as a precursor lesion of ovarian HGSC (Gross et al, 2010) . Serous tubal intraepithelial carcinoma shares similar pathological and molecular features with ovarian HGSC, including atypical nuclei and TP53 mutations (Salvador et al, 2008) . Endometrial cancer can be categorised into two groups: type I, oestrogen-dependent tumours, including endometrioid carcinoma, and type II, oestrogen-independent tumours, including HGSC and clear cell carcinoma. Type II endometrial HGSC typically demonstrates a greater degree of myometrial invasion and lymphovascular involvement compared with type I endometrial carcinoma (del Carmen et al, 2012) , with more aggressive clinical behaviour (Cao et al, 2004; Soslow et al, 2007) . At the molecular level, higher frequencies of TP53 and PIK3CA mutations have been demonstrated in type II endometrial HGSC (Kandoth et al, 2013) . Endometrial intraepithelial carcinoma (EIC), posited to be a precursor lesion of endometrial HGSC (Sherman et al, 1992; Zheng and Schwartz, 2005) , was first described in 1992 by Sherman et al (1992) . Endometrial intraepithelial carcinoma is defined as the replacement of endometrial epithelium and glands without myometrial invasion or lymphovascular involvement (Zheng and Schwartz, 2005) . Endometrial HGSC and EIC also share similar molecular features, including frequent TP53 mutation (Pathiraja et al, 2013) .
As described above, ovarian and endometrial HGSCs have similar clinical and pathological characteristics, with intraepithelial carcinoma considered to be a potential precursor lesion to both tumour subtypes. In the present study, we aimed to assess the degree of molecular similarity between ovarian and endometrial HGSC, beyond just the known TP53 mutations.
One of the hallmark events in ovarian tumourigenesis is the transition of benign precursor lesions into advanced metastatic tumours through molecular mechanisms that remain poorly understood. The identification of molecular markers for different tumour cell populations allows for the correct differential diagnosis of subtypes of malignant invasive tumours -a critical component in the development of more effective diagnostic and therapeutic strategies for cancer treatments. The cDNA microarray analysis of mRNA expression has been frequently used to identify new targets in cancer for diagnosis, and for predicting prognosis and treatment responses to specific therapies (Macoska, 2002) .
Several recent studies have investigated expression profiles of ovarian and endometrial cancers using cDNA microarrays (Santin et al, 2004; Zorn et al, 2005; Kandoth et al, 2013) . The comparison study of mRNA expression profiles by Zorn et al (2005) found no statistical similarity between ovarian and endometrial serous carcinomas. However, their cluster analysis was limited because they compared only the differences between ovarian and endometrial serous carcinomas without including other histological types of ovarian and endometrial cancer. Moreover, steady-state mRNA levels are frequently found to not correspond linearly with protein levels because of the highly variable translation rates of some mRNAs, and to vastly variable differences in mRNA and protein half-lives (Chen et al, 2002; Tian et al, 2004) .
Although they are more technically challenging to conduct, analytical comparisons of actual protein expression profiles are required. Recent developments in proteomics, such as liquid chromatography tandem mass spectrometry (LC-MS/MS) for qualitative and semiquantitative shotgun proteomics, can now be applied to the systematic determination of tumour cell proteomes.
In this study, we have performed protein expression profiling using iTRAQ-based exhaustive and quantitative protein analysis to evaluate the similarity of protein expression profiles between ovarian and endometrial HGSCs. We conducted an unsupervised hierarchical cluster analysis to determine the statistical similarity between the identified protein profiles. Furthermore, we identified enriched protein functional 'terms' in HGSC by protein ontology analysis and analysed the in vitro functions of two shared highly overexpressed proteins.
MATERIALS AND METHODS
Tissue samples. Written informed consent was obtained from all patients and the experimental protocol was approved by the Ethics Committees of the Osaka University and the National Institute of Biomedical Innovation, Health and Nutrition of Japan. Patient characteristics are shown in Table 1 . Diagnoses of HGSC and grade 1 endometrioid carcinoma (EC) were confirmed by central pathology review.
Fresh-frozen samples of 32 cancers (7 ovarian HGSCs, 7 endometrial HGSCs, 9 ovarian ECs and 9 endometrial ECs) were used in the present study. Small pieces of tissue samples were immersed in OCT compound (Sakura Finetek, Torrance, CA, USA), frozen in liquid N 2 and stored at À 80 1C. Serial 16 mmthick sections of samples were mounted at À 20 1C onto PETmembrane slides (Leica Biosystems, Nussloch, Germany) using a Cryostat HTRAX C50 (Thermo Fisher, Waltham, MA, USA). Fixation and staining of sections by Mayer's haematoxylin solution (Wako Pure Chemical Industries, Osaka, Japan) were performed as previously described (Kondo and Hirohashi, 2006) . To exclude stromal cells, cancer cells were captured by LMD using a light microscope (DM 6000B; Leica Microsystems, Wetzlar, Germany) and transferred into a tube cap, according to the manufacturer's instructions. For protein extraction, samples were incubated in 98 ml of 9.8 M urea, 1 ml of phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), 1 ml of protease inhibitor cocktail (Nacalai Tesque) and 0.5 ml of benzonase (Calbiochem, San Diego, CA, USA) for 30 min at room temperature. Approximately 20-100 mg of protein was obtained per sample following centrifugation at 15 000 r.p.m. at 10 1C for 10 min.
Cell lines. The human ovarian serous carcinoma cell lines OVSAHO and KURAMOCHI, and the human endometrial carcinoma cell line HEC265, were obtained from the Japanese Collection of Research Bioresources (Osaka, Japan). All cell lines were tested and authenticated. OVSAHO and KURAMOCHI cells were maintained in RPMI-1640 medium (Wako Pure Chemical Industries) supplemented with 10% FBS (Serum Source International, NC, USA) and 1% penicillin-streptomycin (Nacalai Tesque). The HEC265 cells were maintained in DMEM (Wako Pure Chemical Industries) supplemented with 10% FBS (Serum Source International), 100 U ml À 1 penicillin and 100 mg ml À 1 streptomycin (Nacalai Tesque). Cells were cultured at 37 1C under a humidified atmosphere of 5% CO 2 . For protein extraction, OVSAHO and HEC265 cells were incubated in 98 ml of 9.8 M urea, 1 ml of phosphatase inhibitor cocktail and 1 ml of protease inhibitor cocktail for 30 min at room temperature before centrifugation at 15 000 r.p.m. for 10 min at 10 1C.
'Cell line samples' were prepared by combining equal amounts of protein extracted from ovarian OVSAHO and endometrial HEC265 tumour cell lines. 'Cell line samples' were used as reference baselines for analysis of protein expression data. iTRAQ labelling. Tissue samples and 'cell line samples' were prepared using iTRAQ reagent according to the manufacturer's instructions (AB SCIEX, Framingham, CA, USA). In each iTRAQ series, tissue samples were labelled with iTRAQ reagents 113, 114, 115, 116, 117 and 118, respectively. Individual 'cell line samples' were separately labelled with reagent 119 or 121. Labelled samples were then pooled, desalted and fractionated by strong cation exchange chromatography as previously described (Yokoyama et al, 2013) . Six series of iTRAQ labelling were performed.
Mass spectrometric analysis. Nano LC-MS/MS analyses were performed on an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) as previously described (Yokoyama et al, 2013) .
iTRAQ data analysis. Protein identification and quantification by iTRAQ analysis was performed using Proteome Discoverer software (v. 1.3, Thermo Fisher Scientific) and the SwissProt human protein database (SwissProt_2012_03; 536 489 entries). Taxonomy was set to Homo sapiens (20 329 entries) or mammalian (65 888 entries). Search parameter conditions were as previously described (Yokoyama et al, 2013) . The mass spectrometry proteomic data have been deposited in the ProteomeXchange Consortium database, via the PRIDE partner repository, with the data set identifier PXD001849. Protein expression data of tissue samples were obtained using the reagent 119-labelled 'cell line sample' as a reference. Unsupervised hierarchical cluster analysis and protein ontology analysis. Unsupervised hierarchical cluster analysis was performed using Pearson's correlation and average linkage. To identify core samples in each cluster, silhouette-width values were calculated for all samples. Silhouette width was defined as the ratio of the average distance between the sample and other samples in the same cluster to the smallest distance between the sample and other samples in a different cluster. Only samples with positive silhouette values were used in subsequent analyses. Ontology analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) for protein expression data. 'Homo sapiens' was used as the background set. P-values for ontology analysis were adjusted using the Benjamini-Hochberg false discovery rate (FDR) as the control for multiple hypothesis testing to correct for multiple comparisons (Huang et al, 2009 ).
Immunohistochemistry. Sections of 4 mm width were prepared from formalin-fixed, paraffin-embedded tissue specimens, then deparaffinised and rehydrated using standard methods. Immunohistochemical (IHC) staining for IMP2 was performed using a mouse monoclonal anti-IMP2 antibody (GeneTex, Irvine, CA, USA) and a ChemMate ENVISION kit/HRP (DAB)-universal kit (K5007; Dako, Copenhagen, Denmark) according to the manufacturer's instructions. Immunohistochemical staining for MCM2 was performed using a rabbit polyclonal anti-MCM2 antibody (Atlas Antibodies, Stockholm, Sweden); the same secondary reagents were used for IMP2 immunohistochemistry. Immunohistochemical analysis was also performed on placental tissue and normal ovarian epithelium as the positive control and negative control, respectively. Stained sections were photographed using an Olympus FSX100 (Olympus, Tokyo, Japan). Quantitative evaluations were performed according to the intensity and distribution of immunohistochemical staining as follows: 0 þ , no cells stained; 1 þ , pale staining observed in any cells; 2 þ , deeply stained cells covering o25% of the total area; 3 þ , deeply stained cells covering 25-49% of the total area; or 4 þ , deeply stained cells covering 450% of the total area. Samples were divided into the low expression group (samples with scores of 0 þ , 1 þ and 2 þ ) or the high expression group (scores of 3 þ and 4 þ ).
Transfection of siRNA and western blotting. The KURAMO-CHI cells were seeded in 12-well plates at a density of 8 Â 10 4 cells per well in 1 ml of RPMI-1640 medium supplemented with 10% FBS. The IMP2 or MCM2 siRNA (Dharmacon, Lafayette, CO, USA) were transfected into KURAMOCHI cells using Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA, USA). Cells were harvested after 72 h. Extracted proteins were resolved by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane as previously described (Iwahori et al, 2011) . The following primary antibodies were used for western blotting analysis: anti-IMP2 (GeneTex), anti-MCM2 (Atlas Antibodies) and anti-b-actin (A5441) (Sigma-Aldrich, St Louis, MO, USA).
Transfection of siRNA and cell proliferation assay. At 1 day before transfection, KURAMOCHI cells were seeded in 96-well plates at a density of 1000 cells per well in 100 ml of RPMI-1640 medium supplemented with 10% FBS. The IMP2 or MCM2 siRNAs were transfected into KURAMOCHI cells using the same methodology as described above. Media were changed 24 h after siRNA transfection. At 96 h hours after media exchange, cell proliferation was assessed by a WST-8 assay as previously described (Yokoyama et al, 2013) .
Cell cycle assay. The IMP2 siRNA-transfected KURAMOCHI cells were seeded in 6-well plates at a density of 1.5 Â 10 5 cells per well. After 48 h, cell cycle analysis was performed using a FACSCanto II cytometer (Becton Dickinson, San Jose, CA, USA). Cell cycle analysis was carried out in triplicate as previously described (Iwahori et al, 2011) .
Statistical analyses. Student's t-test was used for comparisons between two groups. Data are presented as the mean±s.d. Differences in IMP2 and MCM2 expression distributions between HGSC and EC were analysed by Fisher's exact test. P-values of o0.05 were considered statistically significant.
RESULTS
Protein expression analysis and unsupervised hierarchical cluster analysis. A total of 828 tumour-expressed proteins were identified from a series of six iTRAQ labelling experiments. Of these 828 proteins, 356 proteins were variably expressed across all samples, with s.d. values 40.3. These 356 proteins were included in an unsupervised hierarchical cluster analysis. Two major clusters, A and B, were identified in the resulting dendrogram (Figure 1) . To classify the two clusters, the tumour histological type (HGSC or EC) and organ (ovary or endometrium) of each sample in each cluster were analysed following identification of core samples using silhouette-width values. When evaluating histological type, 14 of the 16 samples in cluster A were identified as ECs, and 7 of the 8 samples in cluster B were identified as HGSCs (Po0.01; Table 2 ). However, when evaluating 'organs', 10 of 16 samples in cluster A were found to be from endometrial cancers, and 4 of 8 in cluster B were found to be from ovarian cancers (P ¼ 0.6734; Table 2 ). These results suggest that the criteria for the classification of the two clusters by protein expression profile were their histological type, that is, profile clusters A and B were organised by EC and HGSC types, respectively. Taken together, the protein expression profiles obtained in the present study demonstrate a strong statistical similarity between ovarian and endometrial HGSCs that belies their organs.
Protein ontology analysis. To evaluate enriched functional terms related to variably expressed proteins in HGSC, we performed ontology analysis using DAVID. Of the 356 proteins with statistically higher expression in HGSC (Figure 2 and Supplementary Table S1), 45 were selected for further analysis. Protein ontology analysis identified two enriched 'terms' in HGSC: 'negative regulation of metabolic process' (q ¼ 0.15) and 'DNA replication initiation' (q ¼ 0.29; Table 3 ). Six differentially expressed proteins were found to be involved in 'negative regulation of metabolic process' and three in 'DNA replication initiation' (Table 3) . The IMP2 and MCM2 were the most differentially expressed proteins related to 'negative regulation of metabolic process' and 'DNA replication initiation', respectively, with mean expression ratios between HGSC and EC of 2.691 and 1.549, respectively (Table 3) .
Immunohistochemistry. To confirm the high differential expression of IMP2 and MCM2 in ovarian and endometrial HGSC tumour cells, IHC analyses were performed using paraffinembedded tissue samples. The IHC staining of IMP2 and MCM2 in tissue sections revealed significantly greater IMP2 and MCM2 staining in HGSC samples compared with EC samples (Po0.01 and Po0.01, respectively; Figure 3 and Table 4 ). In addition, stronger IMP2 and MCM2 staining (10 out of 10 (100%) and 10 out of 10 (100%), respectively) was observed in tubal cancers, and likewise in peritoneal HGSC samples (IMP2 8 out of 8 (100%) and MCM2 7 out of 8 (88%)) (Supplementary Figure S1) , indicating increased IMP2 and MCM2 protein expression may be a common feature of pelvic HGSC.
The effects of IMP2 and MCM2 in cell proliferation. To analyse the effect of IMP2 expression on cellular proliferation in HGSC, the effect of IMP2 knockdown was evaluated in KURAMOCHI cells using siRNA transfection. The IMP2 siRNA transfection led to significantly decreased IMP2 expression levels ( Figure 4A ) and cell proliferation assays demonstrated significantly decreased cell proliferation as compared with control siRNA (Po0.01; Figure 4B ). The MCM2 siRNA transfection resulted in significantly decreased proliferation of KURAMOCHI cells as well (Po0.01; Figure 4B ). These results demonstrate that the increased expression of IMP2 and/or MCM2 may be leading to the increased cell proliferation of HGSC. Abbreviations: EC ¼ grade 1 endometrioid carcinoma; HGSC ¼ high-grade serous carcinoma. In cluster A, by histological type, 14 of 16 tumour samples were ECs and only 2 were HGSCs. In cluster B, 7 of 8 samples were HGSCs and only 1 was EC (P ¼ 0.0007). However, by organs, in cluster A, 10 of the 16 samples were from endometrial cancer and 6 of 10 were ovarian cancer. In cluster B, 4 of 8 samples were ovarian cancer and 4 were endometrial cancer (P ¼ 0.6734).
The effect of IMP2 in cell cycle. To analyse the function of IMP2 on cell cycle in ovarian HGSC, we performed cell cycle analysis using IMP2 siRNA-transfected KURAMOCHI cells. Fluorescenceactivated cell sorting (FACS) analysis revealed that the knockdown of IMP2 significantly increased G0/G1 cell population and decreased S-phase cell population (Po0.01, respectively; Figure 4C ). These data show that IMP2 contributes to regulating cell cycle and subsequent cellular proliferation.
DISCUSSION
In the present study, we have demonstrated a striking similarity between the protein expression profiles of ovarian and endometrial HGSCs using iTRAQ-based exhaustive and quantitative protein analysis and unsupervised hierarchical cluster analysis. To our knowledge, this is the first such proteomics report of protein expression profiling of HGSC from multiple organs demonstrating the statistical similarity of HGSC with differing organs. There are as yet few reports of exhaustive protein expression profiling in cancers other than gynaecological types.
In order to identify the molecular features of gynaecological cancer, mRNA expression analyses have been performed (Kandoth et al, 2013) . However, cDNA microarray analyses only assess differences at the mRNA level, and it is well known that mRNA levels do not necessarily correspond with protein levels, largely because of differentials in mRNA translation rates and protein half-lives (Chen et al, 2002; Tian et al, 2004) . Therefore, the analysis of protein expression levels may identify biological features of gynaecological cancers not identifiable by solely mRNA analysis. Although the comprehensiveness and sensitivity of protein analysis is notably inferior to mRNA analysis, the data obtained from protein analysis are more directly related to the expression levels of identified proteins.
In clear cell carcinoma, similar gene expression patterns have been reported between renal, endometrial and ovarian clear cell carcinoma (Zorn et al, 2005) . Zorn et al (2005) compared the gene expression profiles of ovarian and endometrial serous carcinomas using unsupervised hierarchical cluster analysis and they found no statistical similarity. However, their cluster analysis was somewhat limited because they compared only the differences between ovarian and endometrial serous carcinoma without including other histological types of ovarian and endometrial cancer, whereas our study compares the protein expression profiles of ovarian and endometrial HGSC with ovarian and endometrial EC (a common form of ovarian and endometrial cancer). To assess the similarity of histological types using cluster analysis beyond just the organ, gene and protein expression profiles should be analysed in samples from more than one organ.
Our data corroborate current theories related to carcinogenesis in ovarian and endometrial HGSCs. Respectively, STICs and EICs are considered to be the precursor lesions of ovarian and endometrial HGSCs (Sherman et al, 1992; Gross et al, 2010) , and they originate from the epithelium of the tubal fimbria and endometrium, respectively, that are both derived from the fetal Müllerian duct. Furthermore, both lesions have been shown to have high expression levels of p53 and Ki-67 proteins (Levanon et al, 2008; Jarboe et al, 2009) . These findings indicate that ovarian and endometrial HGSCs may develop from the epithelium of Müllerian duct-derived organs via similar tumourigenic molecular pathways.
We performed gene and protein ontology analysis to determine whether changes in groups of functionally related proteins were unique to gynaecological cancer. Ontology analysis is a bioinformatics tool allowing the identification and visualisation of enriched terms among groups of genes or proteins. Identification of enriched terms with biological relevance can select potential target proteins for the development of novel cancer therapies. In the present study, we have identified substantial differences in the expression of protein related to 'negative regulation of protein metabolic process' and 'DNA replication initiation' by protein ontology analysis. Six differentially expressed proteins were found to be involved in 'negative regulation of metabolic process' and three in 'DNA replication initiation'. The IMP2 and MCM2 were the most differentially expressed proteins related to each term. We therefore evaluated the functions of IMP2 and MCM2 in HGSC. The IMP2 is an mRNA-binding protein located in the cytoplasm that has been implicated in several post-transcriptional processes of protein metabolism (Cleynen et al, 2007) . In hepatocellular carcinoma, IMP2 has an independent anti-apoptotic function dependent on ERK1/2 phosphorylation (independently of IGF2/PI3K) (Kessler et al, 2013) . In gynaecological cancer, IMP2 has been shown to be highly expressed in endometrial HGSC and it has potential as a differential diagnostic marker for other histological endometrial cancer types as well (Zhang et al, 2011 ). Our data demonstrate that IMP2 is highly expressed not only in ovarian and endometrial HGSCs, but also in tubal and peritoneal HGSCs. We have demonstrated that knockdown of IMP2 protein expression in ovarian HGSC cell line significantly induced G0/G1 cell cycle arrest, resulting in a decreased population of S-phase cells and reduced cell proliferation. These findings indicate that high levels of IMP2 expression may contribute to the rapid cell proliferation and tumour growth of HGSC observed clinically.
The other protein of great interest, MCM2, is one of six proteins (MCM 2-7) that comprise the MCM helicase complex involved in the regulation of the S phase of the cell cycle in eukaryotes via the initiation of DNA replication (Kang et al, 2014) . High MCM2 expression is reportedly a poor prognostic factor in ovarian cancer (Gakiopoulou et al, 2007) . Furthermore, another member of the MCM2 family, MCM7, is reportedly a particularly poor prognostic factor in ovarian HGSC (Ota et al, 2011) . In the present study, MCM2 was found to be differentially expressed in tubal and peritoneal HGSCs in addition to ovarian and endometrial HGSCs. Our data further demonstrate that knockdown of MCM2 expression in ovarian HGSC cell line significantly decreased the rate of cellular proliferation. These findings indicate that not only could IMP2 and MCM2 be good potential diagnostic markers for pelvic HGSC but also that they contribute directly to the rapid growth of HGSC observed clinically.
We identified B1000 proteins as compared with over 10 000 expressed mRNAs identifiable using cDNA microarrays. Some small number of important proteins are therefore likely to have been omitted in our analysis; however, these ultralow expressed proteins are far less likely to contribute to the major histological and molecular features of HGSC than the moderately to highly expressed proteins identified in the present study.
The phosphorylation of proteins by protein kinases, known to play a pivotal role in the functional regulation of protein activity, was not investigated in the present study. The aim of the present study was to evaluate the statistical similarity of protein expression profiles between ovarian and endometrial HGSCs; however, the future determination of the phosphorylation status of the major proteins related to HGSCs may reveal additional molecular features of HGSCs.
In summary, we have performed protein expression profiling of ovarian and endometrial HGSCs using exhaustive and quantitative proteomic analysis. Using an unsupervised hierarchical cluster analysis, we have demonstrated the statistical similarity between ovarian and endometrial HGSCs beyond the organs using unsupervised hierarchical cluster analysis. In the past, decisions regarding the clinical management of gynaecological cancers, including staging and treatment, were predominantly, if not exclusively, based on the organs of tumour. However, the findings Table 4 ). Scale bar, 100 mm. Abbreviations: EC ¼ grade 1 endometrioid carcinoma; HGSC ¼ high-grade serous carcinoma; IMP2 ¼ insulin-like growth factor 2 mRNA-binding protein 2; MCM2 ¼ DNA replication licensing factor minichromosome maintenance protein 2. IHC staining of IMP2 and MCM2 in tissue sections revealed significantly more intense IMP2 and MCM2 staining in HGSCs as compared with ECs (Po0.01). Immunohistochemical (IHC) scoring was performed according to the intensity and distribution of positive staining. Slides were scored as follows: 0 þ , no cells stained; 1 þ , pale staining observed in any cells; 2 þ , deeply stained cells covering o25% of the total area; 3 þ , deeply stained cells covering 25%-49% of the total area; or 4 þ , deeply stained cells covering 450% of the total area. Samples were divided into the low expression group (samples with scores of 0 þ , 1 þ and 2 þ ) or the high expression group (scores of 3 þ and 4 þ ).
of our cluster and ontology analyses of different organ sources of HGSCs demonstrate that the tumour's histological type is a major contributing factor to its molecular characteristics. The classification of HSGC tumours according to histological examination may have greater utility in determining the most appropriate treatment approaches than simply relying on the organ. 
